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Introduction
Currently, large-caliber guns require a heavy mount to absorb the recoil. However, the emphasis in the U.S. Army is now on lightweight and deployable vehicles. The Rarefaction wAVE guN (RAVEN) was invented by Kathe (1) to substantially reduce the recoil and, hence, the mass of the system that absorbs the recoil, while minimally reducing the projectile velocity. This is accomplished by venting the breech through an expansion nozzle during the firing cycle. If the timing is done correctly, the rarefaction wave from the venting will not reach the projectile until muzzle exit. Therefore, the projectile does not know that the vent has opened.
In a previous report, a one-dimensional (1-D) code Rarefaction wAve Recoil (RAR) was developed to model the interior ballistics and recoil of the RAVEN (2) . The model was validated against the 35-mm gun data. Currently, a 105-mm demonstrator RAVEN gun showing significant differences from the 35-mm gun design is being designed.
The code has been updated for both gun designs. In the process, a number of small improvements have been made. Also, there has been one significant change in the behavior of the nozzle.
In this report, the new version of the code is applied to the 35-mm data. One change in the input to the code is made to improve the agreement in the recoil velocities. The code is then used to predict the behavior of the proposed 105-mm demonstrator. Figure 1 shows an assembly drawing of the 35-mm RAVEN. The starting point is a 35-mm KD series antiaircraft gun (3). The chamber diameter is 55 mm, so there is substantial chambrage. The propellant is a proprietary single-perforated, deterred grain.
The 35-mm RAVEN Fixture
The moving breech/piston is in the shape of a delta wing. The breech is held into place by a shear plug (figure 2) designed to shear at 220 MPa. The chamber plug determines how far the piston moves before opening the vent into the expansion nozzle. There were four different recoil distances to venting-early, nominal, intermediate, and late. Two different pistons (light and heavy) were used in the tests with venting. A piston without a vent was also used. A T-bar replaced the delta wing. Finally, the fixture was shot in a closedbreech configuration. The heavy piston was used, but with a steel shear plug instead of an aluminum shear plug. As a result, the piston did not move. Each configuration had a different recoiling mass.
A piston can move freely for 83 mm until it impacts two copper crush tubes (figure 1). The tubes are designed to bring the piston to a halt within 30 ms. The free recoil velocity is the velocity of the tube/piston system after the velocities equilibrate. The system utilizes a free recoil mount. The mount provides 25.9 mm of travel forward and 25.4 mm of travel rearward. The free recoil velocity is measured after the tube and the piston equilibrate and before the gun hits the ring-spring recoil arrestors.
The 105-mm RAVEN Fixture
The proposed 105-mm demonstrator is based on a modified cased telescope ammunition automatic Colt pistol cartridge. The projectile has a long boat tail extending almost to the breech. The charge is JA2 stick propellant. The demonstrator has a split nozzle. The inside part of the nozzle is attached to the gun. The outside part of the nozzle is attached to the piston (not shown). As the piston moves backwards, the nozzle becomes longer. The piston is stopped by recoil brakes. Unlike the 35-mm gun, the piston is decelerated to the mount instead of the gun. Recuperators return the piston to the initial position. The gun will move forward at a slow velocity and is stopped with forecoil pads.
The 35-mm RAVEN Code
A 1-D code RAR was developed to model the interior ballistics and recoil of the RAVEN. This section quickly reviews the code as described in much more detail in the previous report (2) . The next section describes modifications of the code.
The basic approach is a finite volume Arbitrary Lagrangian-Eulerian (ALE) code. The computational domain is split into volumes. The scalar quantities (pressure, temperature, etc.) are assumed constant inside each volume, with a jump at the boundaries of the volume. The velocities are defined on the boundaries of the finite volumes (vector grid points). For a 1-D code, the velocities are only axial. Radial and tangential velocities in the chamber and nozzle are ignored.
Nonconformal Grid
The RAR code requires a nonconformal grid. A 1-D grid (with area changes) is set up from the nozzle end to the muzzle end. The grid does not move. The projectile and piston will move through the grid. The scalar control volumes are numbered from i = 1 (nozzle end) to i = nx -1 (muzzle end). The vector grid points are numbered from i = 1 to i = nx. For instance, the pressure in the scalar control volume i ( p i ) is between the velocities v i and v i+1 . The point where the breech would be located in a standard gun is usually assigned the axial value 0. The points in the chamber and gun tube have positive values, and points in the nozzle have negative values.
The input includes the shape and initial location of the piston and projectile. A subroutine splits each scalar control volume into propellant volume (gas and unburnt propellant grains) and metal volume (piston or projectile). It also splits the areas at the vector grid points (finite volume boundaries) into propellant and metal areas.
Initially, the propellant grains are spread evenly between the piston and the projectile, as well as the primer (assumed to be already gas). Air is inserted at atmospheric pressure and temperature before the piston and after the projectile.
Motion of the Projectile/Piston/Gun
There are three moving parts in the 35-mm RAVEN-the projectile, piston, and gun. Input to the code includes the projectile resistance pressure p j as a function of projectile travel, the piston resistance pressure p s as a function of piston travel, and the gun resistance pressure p g as a function of gun travel. The projectile resistance is from the force required to engrave the projectile rotating band and the friction down the tube. At first, the shear plug causes piston resistance; later, it's from the crush tubes. The gun resistance is caused by friction between the gun and the mount. Note that for computing the projectile and piston resistance, the projectile and piston travels are relative to the position of the gun.
There are four cases. Before the chamber pressure reaches the projectile shot start pressure or the piston shear pressure, none of the masses move. Normally, the projectile will start to move before the piston. The projectile moves forward, and the piston/gun recoils as a unit. Note that this occurs before the piston shears and also after the crush tubes bring the piston to a halt. It is possible for the piston to shear before shot start pressure. In this case, the projectile and gun will move forward as a unit, and the piston will move backward. This is not expected to occur in practice. Finally, all three masses can move independently.
Consider the general case where all three masses move independently. Let A i be the area of the nozzle/chamber/tube at the i'th vector grid point. Let AM i be the area of metal (piston or projectile) at this point and AP i be the area that is not blocked by metal. The force on the projectile will be as follows:
where the summation is taken from the left to the right of the projectile. This includes the force on a general boat tail, the force due to the air being compressed in front of the projectile, and the resistance pressure. Figure 4 illustrates how this formula works. The figure shows a short projectile with a simple boat tail and a coarse grid. Consider the scalar control volume between 12 and 13 cm. The pressure is assumed to be constant in a control volume. This pressure acts on the left side of the projectile and on the slanted top up to 13 cm. The axial area the pressure acts on is the area at 13 cm. According to equation 1, the pressure acts on the area at 13 cm minus the area at 12 cm. Since the projectile area at 12 cm is 0, the formula is correct. Between 13 and 14 cm, the pressure acts on the slanted surface. The projection in the axial direction is just the area at 14 cm minus the area at 13 cm. This continues to the base of the projectile.
In the cylindrical part of the projectile, the metal area is the same at both ends of the control volumes. There is no force from these volumes. Last, consider the control volume between 21 and 22 cm. The area at 22 cm minus the area at 21 cm equals the negative of the tube area. From equation 1, the pressure at the right of the projectile exerts a backwards force on the projectile. Let A p be the area at the right end of the piston (breech area). Let p a be atmospheric pressure, which is assumed to be 0.1 MPa. Then, the force on the piston will be as follows:
The summation is from the left to the right of the piston. The resistance pressure is applied to the breech area. If the piston extends past the end of the computational domain, the new term p a AM 1 takes into account the atmospheric pressure on the left of the piston. A similar term is not necessary for the projectile because at muzzle exit, the pressure on the base of the projectile is much higher than atmospheric pressure. This is not true for the piston. Before projectile exit, as the chamber pressure drops, the nozzle becomes overexpanded. The pressure at the end of the nozzle is under atmospheric pressure. The pressure at the left end of the piston may not be negligible.
The force on the gun is given by the following:
The summation is over the entire computational domain. In the nozzle, the pressure is the maximum of the local and atmospheric pressures. When the nozzle is badly overexpanded, the flow will separate. If the pressure in the nozzle is under atmospheric pressure, the formula assumes the flow has separated and atmospheric air has entered the nozzle (first term on the right-hand side). This correction makes a noticeable difference in the free recoil velocity. Unfortunately, this correction turns out to be wrong (see section 5.2). The second term is the pressure on the outside of the gun. This has a substantial effect on the recoil velocity. The third term is the effect of the piston resistance. If there is piston resistance, the piston will pull the gun backwards. The fourth term is the effect of projectile resistance. Finally, the last term is the effect of the friction between the gun and the mount. This force acts opposite the motion of the gun. For the sake of consistency, the gun friction force is calculated as a pressure multiplied by an area. There is not a natural area for the force between the gun and the mount so, arbitrarily, the piston area is used.
The problem is solved in the lab framework. When the gun moves, the grid moves with the gun. Since the basic implementation is an ALE code, this is easy to do.
Vent Opening
When the piston travels a specified distance, the vent rapidly opens into a 30° nozzle (see figure 2 ). This is approximated in the code as a jump condition in the radius. Figure 5 shows the grid for an early open case. The dotted lines indicate the vector grid points. The scalar control volumes are between the dotted lines. The vent opens at -4.888 cm, where the radius jumps from 2.75 to 3.1145 cm. The area at the jump is computed using the smaller diameter (dotted line). The volume of the scalar control volume to the right is computed using the smaller diameter, and the volume of the scalar control volume to the left is computed using the larger diameter. There is an additional complication: in figure 5 , the piston has just opened the vent. Consider the scalar control volume at the right end of the piston. The area at the right is the chamber area, and the area at the left is the area between the piston and the nozzle. However, the physical minimum flow area is the space between the corner of the piston and the end of the chamber.
If this is ignored, the vent appears to open too quickly. As soon as the piston just clears the jump, the code thinks there is a large opening between the chamber and the nozzle. To fix this, the area between the right corner of the piston and the jump point is computed. The area at the left of the control volume is reduced to the minimum of the normal area and this new area. Material can flow into the control volume as soon as the piston passes the jump point, but it cannot pass quickly into the nozzle.
Boundary Conditions
Consider the flow out of the gun tube. When the projectile first exits, the flow will normally be supersonic. In this case, simple extrapolation is used, i.e., v nx = 2 v nx-1 -v nx-2 . The flow quickly becomes subsonic. The flow out of the tube is assumed to be a steady-state isentropic flow (5) .
If the outflow velocity is larger than the local sound speed, it must be lowered to the sonic velocity (choked flow). The flow will be choked for most of the blow-down phase.
Consider the flow out of the nozzle. Once into the expanding nozzle, the flow will become supersonic. If extrapolation is used to get the velocity at the nozzle exit, the gun will continue to empty until the pressure in the gun is well under atmospheric pressure. The flow cannot be revised in a 1-D code.
In reality, the flow will separate when the pressure becomes low enough. To roughly approximate this in the 1-D code, the pressure at the nozzle exit is tracked. If the flow is supersonic and the pressure in the first control volume is greater than atmospheric pressure, the velocity is extrapolated (v 1 = 2 v 2 -v 3 ). If the pressure in the first control volume is less than atmospheric pressure, the normal momentum equation is used. There will be flow into the nozzle. The material outside the nozzle is assumed to be air at atmospheric pressure and temperature. This is a crude approximation to separated flow. A better approximation is discussed in section 5.2.
Combustion
The combustion model is copied from IBHVG2 (6). At time 0, the primer is assumed to be already combusted and the gas spread evenly through the gun. The propellant grains are also spread evenly between the piston and the projectile. The burn rate of each grain is based on the mean pressure in the gun (average pressure between the right end of the piston and the left end of the projectile). The burn rate times the time step gives the depth of propellant burnt. A form function gives the surface area as a function of the amount of each grain burnt. The propellant is assumed to move with the gas (infinite drag). The code has fewer capabilities than the 1-D code XKTC (7). However, if the charge is well behaved, this level of approximation is adequate.
A new form function is required for the single-perforated, deterred grains in the 35-mm gun. To create a deterred grain, the deterrent is diffused into a grain, implying a gradual transition from the outer to inner layer. In practice, however, the deterrent concentration is nearly constant in the deterred layer and falls off sharply at the boundary line. The grain is modeled as if there is a sharp boundary between the outer and inner layers and the depth of the deterred layer is constant.
This led to the introduction of two new form functions. The outer layer form function behaves like a normal single-perforated grain, except a depth of the deterred layer is also entered. When that depth is reached, the outer layer is gone and the inner layer starts to combust. The initial dimensions of the inner layer are obtained from the dimensions of the initial grain and the depth of the deterred layer.
Modification of the RAVEN Code
There have been a number of changes in the RAVEN code since the previous report (2 
Heat Transfer to the Tube
In the earlier version of the code, the heat loss to the gun tube was computed using a pipe flow correlation. The resulting rise in the tube temperature was not computed.
For the demonstrator, the tube temperature is interesting, particularly for a multishot scenario. The temperature of the wall is computed, assuming a polynomial fit of the radial temperature in the wall (see Gough and Zwarts [8] for details). The heat flow is based on the difference between the gas and wall temperatures. Since the wall becomes hotter during the firing cycle, the heat transfer is somewhat less than before. The muzzle velocity shows a small but noticeable increase.
Nozzle Exit Conditions
A normal rocket operates at a constant chamber pressure. The rocket nozzle is ideal if the pressure drops to atmospheric pressure at the end of the nozzle, resulting in the maximum thrust. If the nozzle is shorter than an ideal nozzle (underexpanded), the force exerted on the end of the ideal nozzle is lost and the thrust is reduced. If the nozzle is longer than an ideal nozzle (overexpanded), the flow will separate from the nozzle. The pressure past the end of the ideal nozzle is no more than atmospheric pressure, and the additional nozzle length is not useful.
For a RAVEN gun, the pressure in the chamber is definitely not constant. For most of the recoil phase, the nozzle is very badly overexpanded. The question is how to model a transient, overexpanded nozzle.
In the previous version of the code, it was assumed that when the flow separated, gas flowed out the middle of the nozzle but air flowed in at the edges of the nozzle. The pressure on the inside of the nozzle was the maximum of the computed pressure and atmospheric pressure (see equation 3), resulting in an incorrect assumption.
As a partial check of this assumption, a simplified version of the RAVEN code was written with a two-dimensional nozzle. Simulations showed that the pressure and velocity stayed close to constant across the nozzle, even when badly overexpanded. Assuming atmospheric pressure was 0.1 MPa, the pressure at the nozzle exit went down to 0.01 MPa before the flow backed up into the nozzle.
Further research indicated that a steady-state rocket was expected to flow full until the exit pressure dropped to 0.4 times the outside pressure. At this point, the flow reversed. The separation point is where the flow into the nozzle meets the flow trying to come out of the nozzle. The idea of flow going out the center of the nozzle and in at the edges was unrealistic.
Therefore, the code was modified. The exit velocity is found by extrapolation until the pressure at the end of the nozzle equals 0.01 MPa. At this point, the code instead computes the exit velocity, assuming a pressure of 0.1 MPa just outside the nozzle. Simulations indicate that the exact pressure used to convert from extrapolation to calculation is not important as long as the pressure is under 0.1 MPa. If the change is made at a higher pressure, the velocity and pressure profiles are the same except at the very end of the nozzle. The flow cannot move into the nozzle against the force of the outflow. It is only when the exit pressure drops near 0.01 MPa that the outside air starts to really penetrate the nozzle. Since the model is transient rather than steady state, the pressure at the exit drops below the 0.04 MPa expected from a steady-state solution.
When the pressure in the nozzle is below atmospheric pressure, the air outside the nozzle then exerts a rearward force on the gun. For the 35-mm simulations, this results in a noticeable increase in the recoil velocities.
Split Nozzle
The preliminary demonstrator design has a split nozzle (figure 3). The inner section is attached to the gun, and the outer section is attached to the piston. Figure 6 shows the initial configuration and the configuration after the piston has moved 10 cm. The input file now includes a parameter inozz, which is the vector grid point where the nozzles meet. If inozz = 1, the entire nozzle is attached to the gun (previous case). Otherwise, the nozzle from I = 1 to i = inozz is attached to the piston, and the rest of the nozzle is attached to the gun. The shapes of both nozzle parts are entered as tables of diameter vs. distance.
As the integration proceeds, vector grid points  inozz move with the gun, and vector grid points <inozz move with the piston. Unlike the 35-mm simulations, this case requires a simple adaptive grid. The control volume just to the left of the join becomes larger. All the other control volumes remain the same. When the length of this control volume becomes 50% larger than the length of the adjacent control volume, it is split into two control volumes. All the control volumes to the right of inozz are renumbered up one. The control volume just to the left of inozz is split at the 2/3 points. That is, the original grid has 0.5-cm spacing. When the control volume just to the left of inozz has increased to a length of 0.75 cm, it is split into a control volume 0.5 cm long (to the left) and a control volume 0.25 cm long (to the right). The procedure is repeated as necessary through the integration.
Recoil Brakes and Recuperators
For the 35-mm gun, the piston has to break the shear plug to start moving. Later, the piston is slowed by the crush tubes. The piston resistance is read in as a table of pressure (MPa) vs. piston travel (centimeters). The resistance force is the pressure times the piston area.
For the 105-mm demonstrator, the piston is instead decelerated regarding the mount. The piston is primarily stopped by the recoil brakes. The recoil brakes are a viscous damper in which fluid is forced through an orifice varying in size according to the stroke. The mechanism is a rod of varying diameter which passes through the orifice. The input is a table of a parameter K (newton-squared seconds/squared centimeters) vs. the piston travel (centimeters). The recoil brake force is then K times the piston velocity squared (N = 0.01 MPa-cm 2 ). The recoil brakes only function if the piston is moving rearward.
The recoil brakes will not bring the piston to a complete halt. As the piston slows down, the recoil brake force becomes very small. The piston is brought to a complete halt and then returned to the original position by recuperators (gas springs). The recuperator resistance is read in as a table of pressure (megaPascals) vs. piston travel (centimeters). The actual force is the pressure from the table times the piston area. When the piston has returned to its original position, the piston is stopped.
The gun resistance is read in as a table of pressure (megaPascals) vs. gun travel (centimeters). Somewhat arbitrarily, the force on the gun is the pressure from the table times the piston area. The force may be from to friction between the gun and the mount, or it may be a designed force such as forecoil pads. In the new version of the code, all three forms of piston resistance are implemented. Any or all of the tables can be set to 0 in the input file.
Combustion
The combustion model used for the 35-mm gun was copied from IBHVG2 (6). At time 0, the primer is assumed to be already combusted and the gas spread evenly through the gun. The charge is also spread evenly between the breech and the projectile. The burn rate of each grain is based on the mean pressure in the gun (average pressure between the right end of the piston and the left end of the projectile). The burn rate multiplied by the time step gives the depth of propellant burnt. A form function gives the surface area as a function of the amount of each grain burnt. The propellant is assumed to move with the gas (infinite drag) and therefore remains evenly dispersed.
For the 105-mm gun, the primer is localized near the breech. There are four different types of stick propellant located in different parts of the chamber, designed to fit around the boat tail. Some of the capabilities of the 1-D code XKTC (7) are implemented. The primer and the various types of propellant can be located in specified axial regions of the gun. The primer can be set to combust at a constant rate for a specified period of time. The propellants still combust according to the mean pressure and move with the gas. The code has fewer capabilities than XKTC but should be adequate for a well-behaved charge.
The 35-mm RAVEN Simulations
The measured data for the experiments consists of pressure profiles, muzzle velocity, and gun travel. The recorded pressures were known to drift. Therefore, no attempt was made to match the maximum chamber pressure. When possible, the shape of the pressure profile, the time the vents open (when applicable), the muzzle velocity, and the free-recoil velocity were the matched values.
The maximum pressures fell into two groups, which were widely separated. The muzzle velocities were strongly correlated with the pressures, indicating that this was a real effect. Lacking other information, this was possibly from the propellant charge.
The gun charge was a proprietary single-perforated, deterred grain. The chemical constituents were supposed to be similar to M1 propellant (1). Given only this information, a combustion model was created by trial and error. For the high-pressure group, the outer layer was assumed to burn 10% faster than for the low-pressure group. An estimate of the projectile shot start, engraving force, and bore friction was made by Kathe (1) . Lacking other information, this profile was used for the projectile resistance.
The calculated free-recoil velocity for the closed-breech gun was initially substantially high. To correct this, a constant gun resistance pressure of 4 MPa was included in the model. The resistance force was then 4.0 MPa  the breech area (cm 2 ) = 95 MPa-cm 2 = 9500 N-s.
The shear plug was designed to fail at 220 MPa. The shear web was 1.0 cm long. The resistance pressure was assumed to drop rapidly when the shear plug failed and then drop gradually to 0 at 1 cm of travel. At 8.3 cm of travel, the piston hit the crush tubes. Each tube was designed to have a generally constant crush load of 55,000 N-s (1). For both tubes, the resistance pressure would be 46.3 MPa. The experimental data indicated that the crush tube load was not repeatable. A value of 40 MPa was previously used to better agree with the venting data.
Primarily due to the correction in the nozzle pressure (section 5.2), the calculated recoil velocities for the venting cases were uniformly high. The piston resistance profile was modified to improve the agreement (see table 1 ). This caused less agreement for the vent opening times (see section 6.3).
Closed-Breech Cases
Consider first the closed-breech cases. The results should be the same as the baseline 35-mm gun results. The baseline gun has a muzzle velocity of 1175 m/s and a maximum chamber pressure of 383 MPa (9). Table 2 summarizes the results. All three closed-breech firings belong to the low-pressure group. The maximum experimental chamber pressures are all much lower than expected, while the calculated maximum pressure is reasonable. Except for the first experiment, the experimental and calculated muzzle velocities are as expected. For all three shots, the measured gun travels are virtually identical. The gun travels must be differentiated numerically, adding uncertainty to the recoil velocity results. The recoil velocities are in excellent agreement since the friction between the gun and the mount was chosen to obtain agreement. 
Nonventing Cases
There are two shots with the nonventing moving breech where the gun motion is recorded. Shot 2-9-3 is in the low-pressure group, and shot 2-9-4 is in the high-pressure group. The breech moves backward, but there is no venting (no nozzle). This separates the effect of the moving breech from the effect of venting gas out the back.
When the breech starts to move (at 220 MPa), the gun initially moves forward because of the large chambrage in the gun. When the piston hits the crush tubes, the gun is gradually stopped and dragged backward. The two recorded gun travels are quite different, indicating that the crush tubes are not repeatable. However, the details have very little effect on the recoil velocity.
All that is necessary is that the piston momentum be transferred to the gun before the gun hits the ring-spring arrestors (not in the model).
The friction between the gun and the mount has very little effect on the moving-breech cases. For the closed-breech cases, the gun always moves backwards. The friction always slows down the recoil. For the other cases, the gun moves forward and then backward. The frictional effect when the gun moves forward comes close to canceling out the frictional effect when the gun moves backward. Table 3 summarizes the results. The calculated recoil velocities are a little less than the experimental recoil velocities. 
Light-Piston Cases
For the vent-opening cases, the model includes a 30° expansion nozzle. The diameter at the exit plane of the nozzle is about 23.65 cm. Table 4 summarizes the results. Again, the model pressures are higher than the experimental pressures. The muzzle velocity was not measured for two shots. In general, the muzzle velocities are also in good agreement. There is not much change in the muzzle velocity as the vent opening time is changed. The recoil velocities are also in good agreement. The greatest reduction in recoil velocity occurs when the piston opens early. This allows the nozzle to generate thrust for a slightly longer period of time. Figure 8 shows the chamber pressure for an early vent opening case. There is a sharp change in the slope between 2 and 3 ms, corresponding to the opening of the vent. The old simulation matched the time of the slope change slightly better. If the old piston resistance profile (table 1) is used with the new version of the code, the vent opening time is more accurate, but the recoil velocities are uniformly high. We chose to get a better match to the recoil velocities instead of the pressure profile slope change. 
Heavy-Piston Cases
The heavy piston does not move as rapidly at early times. This causes a slightly higher chamber pressure and muzzle velocity than the equivalent light-piston cases. On the other hand, for a particular opening distance, the recoil reduction is less. Table 5 summarizes the results. The agreement is about as good as for the light-piston cases. 
Parametrics
In the experiments, the masses are different for the four cases (closed breech, nonventing, light piston, and heavy piston). Now that because the code has agreed with the experimental data, more direct comparisons are possible.
As a baseline, arbitrarily consider the heavy piston. The code is run with a closed breech and a nonventing piston but with the gun mass (297.6 kg) and piston mass (35.9 kg) from the heavypiston cases. Then, the code is run for a venting piston with various opening times. The starting point is the early-open vent, where the vent opens at 4.888 cm of travel and the diameter jumps from 5.5 to 6.229 cm. The distance to the vent opening is varied. The diameter jump at the opening remains the same, as does the nozzle after the opening.
When comparing the experimental data, a constant friction force is assumed between the gun and the mount. The friction has more of an effect on the closed-breech simulations (gun always moves rearward) than on the other cases (gun moves forward and then rearward). To see the effect of a moving breech and venting more clearly, the friction is assumed to be 0 in this section. Table 6 shows the results. Just by having a moving breech (nonventing piston), the pressure drops slightly and the muzzle velocity drops 3.7%. The recoil is slightly less because of the lower performance. For the venting cases, the distance (centimeters) until the vent opens is given. If the vent opens after 4 cm, there is a negligible drop in muzzle velocity and a 50% drop in the recoil, compared to the nonventing case. The recoil can be decreased even more if a lower muzzle velocity is acceptable. During the gun blow down, the pressure in the nozzle will fall below atmospheric pressure. The nozzle will then accelerate the gun rearward instead of forward. To check this effect, the runs in table 6 are redone with the length of the nozzle cut in half. The nozzle angle is kept the same, so the exit diameter is smaller. Table 7 shows the results. Consider the cases where the vent opens after 5 or 4 cm of travel (relatively late). Reducing the size of the nozzle actually leads to a very small decrease in the recoil. For the other three cases (opens earlier), there is a slight increase in the recoil. The differences are not significant. The optimum nozzle size depends on the particular case of interest. However, it is clear that the nozzle used in the experiments is larger than necessary. There is a substantial drop in muzzle velocity due to just the movement of the piston. Note that the pistons used in the experiments have a diameter of 5.5 cm (chamber diameter), substantially larger than the gun tube diameter (3.5 cm). To quantify this effect, simulations are done with the piston diameter equal to the gun tube diameter. A reverse chambrage is put at the back of the chamber. The length of the chamber is adjusted so that the closed-breech case has the same muzzle velocity as before. The new piston is a scaled heavy piston. The mass is reduced proportional to the area change. Therefore, the mass drops from 35.9 to 14.5 kg. The gun mass is increased to keep the total mass the same. The shorter nozzle is used in the simulations. Table 8 shows the results. Compared to table 7, the drop in muzzle velocity from piston motion is much less. For a given distance to vent opening, the smaller piston results in less of a drop in recoil momentum. For a direct comparison, consider a muzzle velocity of 1130 m/s. For the heavy piston, the vent distance is 4 cm and the recoil velocity is 1.50 m/s. For the smaller piston, the vent distance is 2 cm and the recoil velocity is 1.40 m/s. The smaller moving breech is more efficient. If the nozzle is modified, the mass of the system will also be modified. However, this has almost no effect on the recoil momentum, which depends on the force exerted on the gun and the piston. Therefore, this was not considered in the previous calculations. Reducing the length of the nozzle would presumably reduce the system mass.
The 105-mm RAVEN Simulations
In this section, initial estimates of the behavior of the 105-mm demonstrator are made. The design uses standard JA2 stick propellant, so the combustion rate is known. There is no shear plug, and there are no crush tubes. Based on previous modeling of the cartridge, the projectile resistance is known. Unlike the 35-mm gun, everything required for the basic model is known.
In this report, the recoil brakes, recuperators, and forecoil pads are not included in the simulations. These designs are not yet finalized. The interest here is the efficiency of the basic concept.
There are six spindles that can be placed at the end of the piston (see figure 3) . The inner part of the nozzle has a 25° angle out to -29.258 cm and then changes to a 20° angle out to -59.503 cm. The outer part of the nozzle (attached to the piston) has a 26° angle and originally goes to -108.8 cm. As the piston moves rearward, the nozzle will get longer. Table 9 summarizes the results for the first spindle. In order to separate the effects, the gun is first modeled as a closed-breech system. The piston (with spindle A) is assumed to be fastened to the gun. The muzzle velocity of the projectile is noted. The system momentum (mass  velocity) after 50 ms is noted (units are kilogram-meters/second = newton seconds). Next, the gun is modeled as a nonventing system. The piston moves to the rear in a tube, but there is no nozzle or venting to the outside. The muzzle velocity drops slightly (less than 1%) due to the volume increase from the moving piston. The gun winds up with a small negative velocity (indicating rearward motion).
This gun has chambrage at both ends of the chamber. The negative velocity is primarily due to the pressure gradient. The pressure at the back of the chamber is slightly higher than the pressure at the front of the chamber. Most of the momentum is transferred to the piston. The system momentum is the vector sum of the gun and piston momentums. The system momentum is less than the closed-breech case due to the performance decrease. Next, the code is run in the default configuration, with the split piston. The muzzle velocity is the same as with the nonventing piston. That is, venting occurs late enough that the rarefaction wave does not reach the projectile. The projectile does not know the difference between the venting and nonventing cases. The gun winds up with a relatively small forward motion, primarily from the inner part of the nozzle. The piston winds up with a larger rearward motion, due primarily to the breech pressure on the end of the spindle. The figure of merit is the sum of the momentums. This gives the force acting on the mount. The system momentum is reduced 50%; this is similar to the 35-mm gun with a smaller piston (section 6.5).
A larger nozzle is not necessarily helpful because the nozzle is overexpanded later in the firing cycle. The code is run with the outer part of the nozzle (attached to the piston) eliminated. The results are virtually identical to the default configuration. The increased thrust on the outer nozzle early in the firing cycle is matched by the increased drag late in the firing cycle, when the nozzle is overexpanded.
As a final check, the last section of the inner nozzle (20° angle) is eliminated. This cuts off more than half of the inner piston. The forward momentum of the gun is substantially reduced, but most of the momentum is in the piston. The system momentum is reduced 48% rather than the default of 50%. Therefore, a much smaller nozzle will work almost as well as the default split nozzle. Table 10 summarizes the results for the second spindle. The vent opens after the piston moves 4.3 cm. The closed-breech velocity is slightly less because the initial system volume is slightly more. The nonventing case drops the muzzle velocity less than 1%. For the split nozzle, the muzzle velocity drops a little more. The rarefaction wave just reaches the projectile before muzzle exit. The reduction is recoil momentum is about 54%. Since the vent opens sooner, the nozzle is more efficient. The outer nozzle still has a negligible effect. The short nozzle again changes the system momentum only by about 2%. Table 11 summarizes the results for spindle C. The vent opens after 3.7 cm. The vent has slightly more of an effect on the muzzle velocity. The recoil momentum drops another couple of percents. Again, the outer nozzle has only a very small effect. Table 12 summarizes the results for spindle D. The vent opens after 2.6 cm. The venting now causes a substantial drop in muzzle velocity. The default split nozzle drops the recoil momentum by two thirds. As in previous analyses, the outer nozzle has only a small effect on the recoil, but going to the short nozzle has a substantial effect. Table 13 summarizes the results for spindle E. The vent opens after 1.9 cm. The changes are a little larger than spindle D. Finally, table 14 summarizes the results for spindle F. The vent opens after 1.2 cm. There is a large drop in muzzle velocity (12%) from the closed-breech simulation. But the split nozzle default simulation drops the recoil momentum by 77%. The smaller nozzles make a noticeable difference in the final system momentum; but in terms of the drop from the closed-breech momentum, the difference is not substantial. The recoil of the system can be reduced 50%, with a small drop in muzzle velocity, or more than 75%, with a large drop in muzzle velocity. The outer nozzle has very little effect on the recoil. Even the inner nozzle can be made smaller without a large recoil penalty. Of course, there may be other reasons for a large nozzle, such as blast reduction.
Conclusions
The 1-D RAVEN code has been updated. The same version of the code can now model the 35-mm RAVEN gun and the proposed 105-mm demonstrator.
There is a significant correction in the nozzle conditions. The 1-D code now more accurately models the nozzle when it is overexpanded. The pressure in the nozzle can be under atmospheric pressure for a significant amount of time. During this time, the nozzle produces negative thrust since the pressure on the outside of the nozzle is larger than the pressure inside the nozzle.
Due partially to this effect, the 35-mm nozzle and the proposed 105-mm nozzle are larger than necessary. The nozzles can be reduced significantly in size, with only a minor effect on the recoil. There may be other reasons for a large nozzle than recoil reduction, such as blast reduction.
For both basic gun designs, the code indicates that the recoil can be reduced 50%, with only a small decrease in the muzzle velocity. The recoil can be reduced by at least 75% if a large decrease in muzzle velocity is allowed. 
